Telomere biology plays a fundamental role in genomic integrity, cellular regeneration, physiology, aging, disease risk, and mortality. The initial setting of telomere length (TL) in early life has important implications for telomere maintenance and related disorders throughout the life span. However, little is known about the predictors of this initial setting.
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This study supports the concept of developmental plasticity of the telomere biology system and highlights specifically the role of a potentially modifiable intrauterine factor for additional mechanistic and clinical investigation.
Telomere biology has emerged in recent years as playing a pervasive and potentially causal role in key aspects of genomic integrity, cell physiology, regeneration, aging, and disease risk (1) . Telomeres are tracts of noncoding tandem repeats of DNA sequences and their bound proteins that cap the ends of linear chromosomes, thereby protecting from degradation and deleterious recombination. Human cell telomeres shorten with each cell division, and their decline to critical length leads to loss of telomere function and consequent cellular malfunctions. Telomere shortness is associated with the occurrence and progression of common chronic disorders such as cardiovascular disease, hypertension, atherosclerosis, heart failure, type 2 diabetes (2), and with earlier mortality (3) .
The initial setting of telomere length (TL) represents a critically important characteristic of an individual's telomere biology system (4) . It constitutes one of two major determinants of TL at any subsequent age [the other determinant is TL attrition over time (1, 5) ]. A recent prospective study of the natural life span in zebra finches established that TL in early life was a very strong predictor of realized life span (6) . Moreover, a recent study in human adults reported that although TL varies within individuals across different tissues (blood, muscle, skin, and fat) the rate of agedependent TL shortening is similar across different somatic tissues, thereby supporting the notion that the observed TL differences across tissues are established in early life (7) . Despite the presumed importance of the initial or early life setting of TL for human health, little is known about the determinants of the initial setup, as recently reviewed (8) .
Despite relatively high heritability estimates, known genetic variants account for only a small proportion of the variance in TL [eg, (4, 9) ]. Because heritability estimates represent a combined effect of genetic makeup and environmental conditions in utero, this observation highlights the importance of a better understanding of the intrauterine milieu that may contribute to early life TL (8) . Our own work and that of other groups suggests that adverse or suboptimal conditions in intrauterine life such as intrauterine growth restriction, preeclampsia, and maternal stress are associated with shorter offspring TL [summarized in (8) ], thereby supporting the concept that TL may, in part, be programmed in utero.
Telomeres are longer in adult women than in men (10) . It is believed that estrogens account, in part, for this consistently observed sex difference. In vitro, estrogens stimulate the transcription of the gene encoding the telomerase reverse transcriptase enzyme that adds telomere repeats to chromosome ends, thereby slowing the rate of telomere attrition (11,-14) . Furthermore, estrogens reduce oxidative stress, which is know to shorten telomeres via several pathways [summarized in (15) ] and to indirectly influence TL. In postmenopausal women, duration of endogenous estrogen exposure (menses to menopause) is associated with longer TL (16) .
The estrogen estriol (E ) plays a particularly prominent role in primates in the context of pregnancy and fetal development. Dehydroepiandosterone produced by the fetal adrenals and modified in the fetal liver by 16 hydroxylation is converted into E in the placenta. The maternal liver lacks the capacity to express 16 hydroxylase, and dehydroepiandrosterone (DHEA) produced by the maternal adrenal is converted by the placenta into estradiol but not E . Thus, E arises solely from fetal precursors (17) . Once produced by the placenta, E is released into the maternal and fetal compartments, and there is a significant correlation between maternal and fetal E (18) Because the production of E depends on an intact maternalplacental fetal unit, E levels in maternal blood are used in research and clinical practice to monitor fetal status during intrauterine life. In clinical practice maternal blood unconjugated estiol (uE ) is one of the components of the quad marker screen, and a low uE level in women suggests the possibility of fetal loss, fetal chromosomal abnormalities or fetal adrenal insufficiency (19, 20) . In contrast, an elevated maternal blood uE can be an indication of pending labor or adverse pregnancy outcomes (21,-23) .
Given 1) the importance of achieving a better understanding of the initial setting of TL, 2) the possibility that the intrauterine milieu influences the initial setting of TL, 3) the established role of estrogen on adult TL via its effects on telomerase expression and oxidative stress, and 4) the clinically established role of E in the context of fetal development, the goal of this study was to test the hypothesis that higher maternal E concentrations during early pregnancy are associated with longer telomeres in infants.
Materials and Methods
Participants Study participants comprised a cohort of children followed prospectively from intrauterine life and birth through infancy and into early childhood. Pregnant mothers were recruited in early gestation from obstetric care provider clinics at the University of California, Irvine, School of Medicine in Orange, California, and the Cedars Sinai Medical Center in Los Angeles, California. Exclusionary criteria at the time of recruitment of pregnant mothers included tobacco, alcohol, or other drug use in pregnancy, uterine or cervical abnormalities, or presence of conditions associated with dysregulated neuroendocrine and immune function such as endocrine, hepatic, or renal disorders or corticosteroid medication use. Exclusion criteria for children were preterm delivery less than 34 weeks gestation, perinatal complications associated with neurological consequences (eg, hypoxia), and congenital, genetic, or neurologic disorders (eg, fetal alcohol syndrome, Down syndrome, or other aneuploidy, fragile X syndrome). All pregnant mothers that met the inclusion/exclusion criteria at the study clinics were approached consecutively. The final sample consisted of 100 motherchild pairs. Fortythree percent of the children were girls.
At the time of TL assessment, children were, on average, 14.6 months old (mean ± SEM, 14.6 ± 1.08 mo; range, 0-46 mo). There were no differences in age at TL assessment based on sex (F [1,99] = 2.21, P = .35). The sociodemographic, pregnancy, and concurrent maternal and child characteristics of the study population are presented in Table 1 . All the study procedures were approved by the institutional review boards of both institutions, and all mothers provided written informed consent.
Maternal E concentrations
A maternal blood sample was collected by venipuncture at the first pregnancy visit to our research clinic (mean ± SD gestational age at visit, 15 ± 0.7 wk). This coincides with the time at which standard clinical screening tests are performed to assess maternal E and other markers of fetal development. The maternal blood sample was transferred to heparin tubes and centrifuged at 2000× g at 4 C° for 15 minutes. Plasma was separated and kept at −20°C until assayed. uE concentrations were determined by ELISA (IBL America).
Obstetric risk, length of gestation, and birth weight
Obstetric risk conditions were ascertained by medical chart review, and obstetric risk was defined as the presence of any major medical complications in the index pregnancy (gestational diabetes, vaginal bleeding, placenta abruptio, pregnancyinduced hypertension, preeclampsia, or infection) and coded as a binary variable, as previously described (24) .
Gestational age was determined by best obstetric estimate with a combination of last menstrual period and early uterine size, and was confirmed by obstetric ultrasonographic biometry before 20 weeks using standard clinical criteria (25) . Birth outcomes were abstracted from the medical record, and birth weight percentiles were computed using national norms (26). 
Maternal sociodemographic characteristics
At the first pregnancy visit standardized, structured interviews were administered for ascertainment of maternal sociodemographic characteristics (maternal age, education, race/ethnicity).
Infant TL
TL was assessed in buccal cells collected at the time of infant followup by brushing the oral mucosa with a sterile nylon bristle cytology brush using a separate brush and 10 strokes for each cheek. Samples were processed and DNA was purified using the Puregene DNA isolation kid (Gentra Systems, now QIAGEN) for analyzing DNA with buccal cells (27) . Measurement of relative TLs (telomere repeat copy number to single gene copy number [T/S ratio]) by qPCR were adapted from a validated, published method (28) and performed as previously described (29) .
Statistical analyses
The distributions of continuous variables included in the analyses were tested for normality (Kolmogorov Smirnov test). All continuous variables were normally distributed (P > .200 for nullhypothesis). Pearson product moment correlations were used to test bivariate associations between E concentrations and other variables (maternal prepregnancy body mass index [BMI], maternal BMI, weight gain during pregnancy, obstetric risk, maternal educational level, gestational age at birth, birth weight, infant sex). Differences in E concentrations between different racial/ethnic groups was tested using an univaraite ANOVA. TL between boys and girls was compared using univariate ANOVA, adjusting for the effect of age. Multiple linear regression was used to quantify the association between maternal E concentrations (entered as a continuous variable) and infant TL with adjustment for the effects of other potential determinants. Because of assay method variation from laboratory to laboratory, E concentrations are typically expressed as multiples of the median (MoM) for that gestational age. Thus, for comparability and to determine the clinical significance of findings, we transformed maternal E concentrations into MoM before entering into the regression model.
Approach to covariate adjustment
We sought to ensure parsimonious models and to avoid inappropriate adjustment. All models were adjusted for gestational age at blood draw for E assessment, infant age, and sex. Additional adjustment for covariates that have been previously associated with either maternal E concentrations during pregnancy or child or adult TL (ie, maternal educational level, race/ethnicity, maternal prepregnancy BMI, presence of obstetric risk factors, gestational age at birth, birth weight, and infant weightforlength ratio) had no influence on associations, so the findings of the final model reported here omit these variables.
Regression diagnostics were performed to assess the validity of standard linear regression assumptions and diagnose potential influential points. No extreme departures from general assumptions were observed and no observations were removed from the analysis. All statistical analyses were performed using SPSS v21 (IBM), and the statistical significance level was set at α = 0.05.
Results
The median maternal E concentration in early gestation was 1.57 ng/ml and ranged from 0.40-5. The mean ± SEM child buccal cell TL as measured by T/S ratio was 2.05 ± 0.05 and ranged from 1.03-3.69. Race/ethnicity was not associated with child TL (P = .11). Girls had significantly longer telomeres than boys (2.18 vs 1.95 T/S ratio, P = .03), and there was a trend for TL to decrease with infant age (T/S ratio decreased by 0.096 per year, P = .07).
After accounting for the effects of gestational age at maternal blood draw during pregnancy, infant sex, and infant age, there was a significant, independent effect of maternal E concentrations (expressed as MoM) on infant TL (unstandardized β = 0.297, P = .001; 95% Cl, 0.121-0.473, see Figure 1 and Table 2 ). Specifically, a 1MoM increase in maternal E concentrations during early pregnancy was associated with a 14.42% increase in infant TL.
Discussion
To the best of our knowledge this finding represents the first report linking E concentration in early pregnancy with offspring TL. The study thus supports the concept of developmental plasticity of the telomere biology system in early life. This protective effect of E on infant TL in this report is consistent with the literature in adults. Because maternal E is an indicator of fetal E exposure in utero, our findings suggests the early life setting of TL may be influenced by variation in E exposure, possibly acting via the mechanisms previously discussed [ie, unbound (free) E stimulates the transcription of the gene encoding the telomerase reverse transcriptase enzyme that adds telomere repeats to chromosome ends, thereby slowing the rate of telomere attrition and reduces oxidative stress (11,-14) ]. Epigenetic modifications have been discussed in the context of fetal programming as a process of how developmental exposures can affect the fetal gene expression and subsequent disease risk (eg, Ref. 31 ). The telomere system seems to be under tight epigenetic control, and in particular methylation changes in subtelomeric loci (32) and epigenetic modulation of the core promoter region of the telomerase reverse transciptase gene that regulates telomerase activity (33) seem to be involved in regulation of telomere maintenance and TL. Thus, it is possible that intrauterine factors program the developing telomere system by producing such epigenetic alterations in subtelomeric and other regions.
Our study finding highlights two issues regarding the role of E in the context of human fetal development. First, it supports a new (previously unrecognized) role for E (ie, in the specific context of the development of the fetal telomere biology system). Moreover, this effect is apparent for E variation within the normal, physiological range (as opposed to at only the very low or very high E levels established for other outcomes). Thus, if replicated and validated in future studies, this would suggest that the threshold for the effect of E on infant TL is substantially lower than that for other currently established effects of E on pregnancy and fetal complications, further emphasizing the importance of E in the development of this critical biological system regulating telomere maintenance and function. Second, the magnitude of the effect of E on infant TL is quite considerable. From a study population range of 3.1 uE MoM units (0.25-3.35), each 1 unit MoM increase of maternal E was associated with an approximately 15% increase in infant TL.
Although TL was longer in female vs male infants and there was an effect of maternal E concentrations on infant TL, maternal E concentrations in early pregnancy were not different in women carrying a female vs male fetus. The strength of the association between maternal E and infant TL also was not different in girls compared with boys. We note that several large studies of maternal E concentrations assessed as a part of routine pregnancy screening tests (these assessments are performed at approximately the same gestational age as when we obtained our maternal samples) also have found no differences in E between women carrying a male vs female fetus (34, 35) , whereas maternal blood and cord blood levels of E at birth are reported to be higher in girls compared with boys (36) . This suggests that sex differences in E seem to emerge only later in gestation. The establishment of TL occurs in early gestation, and it is possible that the initial protective effect of E on telomere maintenance is similar in female and male fetuses. The higher E levels observed in girls in later gestation may have an additional protective effect on subsequent TL attrition, perhaps by sensitizing the system to the effects of estrogens. Interestingly, and in line with our study findings, a recent study of leukocyte TL in oppositesex and samesex cotwins (37) found that within samesex twins leukocyte TL was longer in females than in males, and that the sex difference in TL was ablated in oppositesex cotwins (the female twin's leukocyte TL was indistinguishable from that of the male twin). This finding implies that among oppositesex twins the masculinization of the female fetus that is known to occur during intrauterine life alters female TL, thereby more generally suggesting that the observed sex difference in leukocyte TL in the population may be largely determined in utero by the intrauterine hormonal environment (37) .
Some of our study design and methodological considerations warrant discussion. Infant TL was assessed in our study in buccal cell DNA at one time point. Despite some controversy in the literature regarding the correlation between TL assessed in leukocytes and buccal cells (38, 39) , both buccal cell and blood/leukocyte TL have been shown to predict agerelated disease outcomes in adults (38, 39) . Moreover, several studies have reported effects of conditions in early life (eg, exposure to early life stress) on child buccal cell TL (40, 41) , and one study (42) has found that a more stressreactive temperament is associated with shorter buccal cell TL. Yet another recent study has reported that although adult TL varies within individuals across different tissues, TL within individuals is strongly correlated across tissues and the rates of telomere shortening within individuals are very similar across different somatic tissues (7) . TL attrition occurs in somatic tissues over the life span and is particularly high in the first few years of life (43, 44) . Because of variation in the age range of the infants in our study and the observed statistical trend that older infants had shorter TL all analyses were adjusted for the effects of infant age. Finally, because E levels are known to change over the course of gestation, we adjusted for the potential effect of gestational age at sample collection for E measurement.
As discussed earlier, the effect of estrogen on telomere maintenance is believed to be mediated via effects on telomerase expression and/or oxidative stress. Because measures of telomerase expression or oxidative stress were not available in the current study we were unable to perform mediational analyses to test these putative pathways. Clearly, future studies are warranted that incorporate these features and also conduct longitudinal follow up of telomere dynamics from birth into infancy, childhood and beyond.
To conclude, maternal E concentrations in early pregnancy (within the normal physiological range) were significantly and positively associated with infant TL. Questions remain regarding the molecular mechanism(s) underlying this effect and potential interactions with other biological and environmental processes. However, in so far as the initial setting of TL is an important determinant of subsequent telomere biologyrelated processes and health outcomes, the current finding represents an important step because it adds evidence to support the concept of developmental plasticity of the telomere biology system.
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A, Scatterplot depicting the association between maternal estriol concentrations expressed as MoM and child TL (T/S ratio). B, Mean adjusted TL (T/S ratio ± SEM) for infants of mothers who fall in the lowest quartile ("low maternal estriol concentration") vs infants of mothers in the highest estriol quartile ("high maternal estriol concentration"). 
